Introduction {#S0001}
============

UNAIDS has recently highlighted the significant toll seen by human immunodeficiency virus (HIV) infections worldwide.[@CIT0001] In 2017, approximately 37 million people worldwide were infected of which 1.8 million were children under the age of 15. Despite global efforts to treat and prevent viral infection, up to a million people have died of infection. Attempts to reduce the spread of HIV infection centers around improved access to antiretroviral therapy (ART). Currently 21.7 million infected people have access to these medicines and it is estimated, in the developing world, that \$26.2 billion will be required to control and prevent HIV infection by 2020.[@CIT0001] Thus, both improved access and continuous adherence to ART regimens are needed immediately.[@CIT0002]

Effective antiretroviral treatment of infection requires early, daily and lifelong therapy.[@CIT0003] While currently available ART regimens have demonstrated remarkable reductions in disease morbidity and mortality, treatment failures abound.[@CIT0004] These are due, in part, to patient non-adherence to what is daily combination drug regimens and the stigma of the infection itself.[@CIT0004]--[@CIT0006] The regimens are required to ensure reductions in viral load, maintenance of CD4+ T cell counts, prevention of the emergence of drug-resistant viral strains and elimination of viral transmission.[@CIT0002]

ART regimens have also shown limitations in their pharmacokinetic (PK) and biodistribution profiles that center on the drugs\' abilities to target viral reservoirs (including the lymph nodes, gut, central nervous system, genitourinary system and spleen) and inherent toxicities.[@CIT0007],[@CIT0008] These can result in reduced therapeutic success.[@CIT0009] To address each of these apparent limitations, long-acting (LA) ART regimens were developed in order to improve patient adherence, decrease drug toxicities and maintain viral suppression while also diminishing the stigma of antiretroviral drug (ARV) use.[@CIT0010] LA ART produced by poloxamer drug encasements can facilitate intracellular drug depots.[@CIT0011] These include the site of injection and within the reticuloendothelial system.[@CIT0010] To extend the apparent half-life of the drug, high protein binding and slow metabolic and release rates are required.[@CIT0012] Research in our own laboratory has extended this drug platform by the use of monocyte-derived macrophages (MDMs) as cell-based drug depots and as vehicles for drug delivery to viral reservoir tissue sites.[@CIT0001],[@CIT0013],[@CIT0014] Each of these serve to improve ARV PK and pharmacodynamic profiles.[@CIT0001]

Despite active research into LA ARVs, only two antiretrovirals, cabotegravir and rilpivirine (CAB and RPV) are now being developed and will soon be available for human use.[@CIT0015] The strong sustained interest in LA ARV formulations by patients at large makes research in this area of immediate value.[@CIT0016] A focus of work has now been set in LA transformation of the nucleoside reverse transcriptase inhibitors (NRTIs) as they represent the backbone of current ART regimens.[@CIT0017] The standard of care for HIV therapy is two NRTIs and an integrase inhibitor or non-NRTI.[@CIT0017] Amongst these, the most potent and widely used NRTIs are emtricitabine (FTC, 2\`-deoxy-5-fluoro-3\`thiacytidine), tenofovir disoproxil fumarate (TDF) and lamivudine (3TC).[@CIT0018]--[@CIT0020] Truvada, an FTC and TDF combination, is also effective in pre-exposure prophylaxis.[@CIT0021] Thus, expanding available LA formulations for each of these medicines would have a significant impact on patient care, HIV treatment and prevention.[@CIT0010]

In efforts to achieve once-a-month or even longer dosing frequencies, our laboratory created first-generation LA NRTI prodrug formulations.[@CIT0011],[@CIT0022]--[@CIT0025] To build upon this library we chemically modified FTC with the goal of extending its apparent half-life. FTC is noted for its bioavailability and limited systemic toxicities.[@CIT0020] In the current report, a first-generation hydrophobic FTC prodrug (MFTC) was created amenable to nanoparticle encasements. Drug was conjugated to a long chain palmitoyl fatty acid. The hydrophobic nanocrystal prodrugs (NMFTC) were stabilized into an aqueous solution by poloxamer 407 (P407). The nanosuspension offered increased dissolution rates, LA profiles with high encapsulation efficiency and physicochemical stability.[@CIT0026] The developed nanoparticles were readily taken up by MDMs and reside inside subcellular compartments with stable FTC-triphosphate (FTC-TP) conversions. PK profiles were improved over the native drug. As such, this nanoformulated prodrug could be employed toward further formulation developments.

Materials and methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

FTC was purchased from HBCChem (Union City, CA, USA). Chemicals, reagents, media and buffers used for chemical reactions or in vitro studies were purchased from either Sigma Aldrich (St. Louis, MO, USA) or Fisher Scientific (Waltham, MA, USA). Thin-layer chromatography was performed on precoated F-254 silica plates (250 µm) from SiliCycle, Inc. (Quebec City, QC, Canada). Monoclonal mouse anti-human HIV-1 p24 (clone Kal-1), and the polymer-based HRP-conjugated anti-mouse EnVision+ secondary antibodies were purchased from Dako (Carpinteria, CA, USA). MTT was purchased from Sigma Aldrich. FTC-TP was purchased from Toronto Research Chemicals (North York, ON, Canada). Sep-Pak QMA anion-exchange cartridges and OASIS HLB reverse-phase cartridges were purchased from Waters Corp. (Milford, MA, USA).

MFTC synthesis {#S0002-S2002}
--------------

FTC (2.0 g, 8.089 mmol, 1 equivalent) was dried by azeotroping from anhydrous pyridine (15 mL) and resuspended in anhydrous tetrahydrofuran (THF) (30 mL) under an argon atmosphere. The reaction flask was then cooled to −78°C followed by addition of tert-butylmagnesium chloride (8.089 mmol, 1 equivalent, 1 M in THF) and allowed to react for 15 mins to deprotonate the alcohol group in FTC. A solution of palmitoyl chloride (2.26 g, 8.089 mmol, 1 equivalent) was then added dropwise to the FTC anion solution at −78°C. The reaction mixture was gradually warmed to room temperature and stirred for 16 hrs, quenched using saturated ammonium chloride solution, concentrated and subjected to flash chromatography purification to yield MFTC as a colorless powder. Proton (^1^H)- and carbon (^13^C)- nuclear magnetic resonance (NMR) spectra were recorded on a Varian Unity/Inova-500 NB (500 MHz; Varian Medical Systems Inc., Palo Alto, CA, USA). Fourier transform infrared spectroscopy (FTIR) was performed on a PerkinElmer universal attenuated total reflectance Spectrum Two (Waltham, MA, USA). The aqueous solubility of FTC and MFTC were determined by adding excess drug to water followed by mixing for 24 hrs at room temperature. Samples were centrifuged at 20,000× g for 10 mins to remove undissolved drug. Solubilized drug in the supernatant was quantified by reversed phase HPLC using a Waters ACQUITY H-class ultra-performance liquid chromatography-TUV system (UPLC) and Empower 3 software (Milford, MA, USA). FTC and MFTC solutions were separated on a Phenomenex Kinetex 5 µm C18 column 100Å (Torrance, CA, USA) using either 95% 20 mM ammonium acetate buffer in 5% ACN, pH 3.9 (FTC), or 90% methanol/10% water (MFTC) with a flow rate of 1.0 mL/min and detection at 272 and 280 nm, respectively. Drug content was quantified by comparison of peak areas to those of known standards (0.05--50 µg/mL FTC or MFTC in methanol).

Nanoformulation preparation and characterization {#S0002-S2003}
------------------------------------------------

For preparation of a MFTC nanosuspension (NMFTC), a pre-suspension of 1% (w/v) MFTC and 0.5% (w/v) P407 in 10 mM HEPES (pH 5.5±0.5) was made and processed by high-pressure homogenization (Avestin EmulsiFlexC3; Avestin Inc., ON, Canada) at 20,000 psi until the desired particle size of 300--400 nm was achieved. Particle size, polydispersity index (PDI) and zeta potential were assessed by dynamic light scattering (DLS) using a Malvern Zetasizer Nano Series Nano-ZS (Westborough, MA, USA). Three independent experiments were performed each containing three replicates. The stability of NMFTC was assessed at room temperature and 4°C for up to 10 weeks by monitoring particle size, PDI, and zeta potential by DLS. The crystalline structure of MFTC was determined by X-ray diffraction (XRD) that was performed in the 2θ range of 2--40° using a PANalytical Empyrean diffractometer (Westborough, MA, USA) with Cu-Kα radiation (1.5418 Å) at 40 kV and 45 mA setting. A mask of 20 mm and a divergence slit of 1/8° were used on the incident beam path. The diffraction data were collected in steps of 0.04 degrees by continuously scanning at the rate of 0.013°/s.

Nanoparticle macrophage uptake, retention, and cytotoxicity {#S0002-S2004}
-----------------------------------------------------------

Human peripheral blood monocytes were obtained from HIV- and hepatitis-seronegative donors and purified by centrifugal elutriation at the University of Nebraska Medical Center (UNMC) elutriation core facility. The monocytes were cultured and allowed to differentiate into macrophages as described previously.[@CIT0025] Cell uptake was assessed at 1, 2, 4, 8 and 24 hrs after incubation with 100 µM NMFTC or FTC. At each time point, adherent MDMs were washed three times with 1 mL PBS, scraped into 1 mL PBS and pelleted by centrifugation at 1000× g for 8 mins at 4°C. The cell pellet was reconstituted in 200 µL of methanol and probe-sonicated at 15% amplitude (QSonica Q55; Qsonica, LLC, Newtown, CT, USA), followed by centrifugation at 20,000× g for 10 mins at 4°C to pellet cell debris. FTC or MFTC concentration in the supernatant fluid was quantified by UPLC as described above. To determine the extent and duration of retention, cells were incubated with 100 µM NMFTC or FTC for 8 hrs. Then, cells were washed with PBS and fresh drug-free medium was added. At days 1, 5, 10 and 15 following treatment, cells were washed with PBS, collected and analyzed for drug concentrations as described for the uptake study. For assessment of cytotoxicity, the MTT assay was performed. Monocytes were cultured on a 96-well plate at a density of 80,000 cells per well and allowed to differentiate into macrophages as described previously.[@CIT0025] MDMs were treated with various concentrations (10--400 µM) of FTC, MFTC or NMFTC for 4 days. After drug treatment, cells were washed and incubated with 100 μL/well of MTT solution, 5 mg/mL for 45 mins at 37°C. After incubation, MTT was removed. Then, 200 μL/well of DMSO was added and mixed thoroughly. Absorbance was measured at 490 nm on a Molecular Devices SpectraMax M3 plate reader with SoftMax Pro 6.2 software (Sunnyvale, CA, USA).

Antiretroviral activities {#S0002-S2005}
-------------------------

Antiretroviral efficacy was determined by measuring HIV reverse transcriptase (RT) activity in culture medium. For determination of the EC~50~ of MFTC and of FTC, MDMs were treated with 0.01--1000 nM FTC or MFTC for 1 hr followed by challenge with HIV-1~ADA~ at a multiplicity of infection (MOI) of 0.1 infectious particles per cell for 4 hrs. Media were collected and HIV RT activity was determined as previously described.[@CIT0027],[@CIT0028] Concentration response curves were generated by GraphPad Prism 6.0 software (La Jolla, CA, USA) using nonlinear regression fit and the 50% inhibitory concentration determined. To evaluate antiretroviral efficacy, MDMs were treated with 100 μM FTC or NMFTC for 8 hrs. The cells were then washed with PBS to remove extracellular drug nanoparticles. At various time points (0 hr to 15 days following treatment duration), MDMs were challenged with HIV-1~ADA~ (MOI 0.1) for 18 hrs. Cells were cultured for an additional 10 days with medium changes every other day. At day 10, viral activity was determined by measuring RT activity in the culture medium and HIV-1 p24 antigen expression in adherent cells fixed with 4% paraformaldehyde by immunocytochemistry as previously described.[@CIT0025] Uninfected and HIV-1~ADA~ infected cells were controls.

Particle morphology and intracellular distribution {#S0002-S2006}
--------------------------------------------------

Particle morphologies and intracellular distribution of nanoparticles in MDM were assessed using transmission electron microscopy (TEM). For nanoparticle morphology, the nanosuspension was dried on a copper grid at room temperature and bright field images were taken with exposure times of 2 s. For intracellular distribution, MDMs were treated with 100 µM NMFTC for 4 hrs. Cells were collected in PBS, centrifuged at 1000× g for 8 mins at room temperature. The cell pellet was fixed and processed for TEM as described previously.[@CIT0029] Both copper grids, for nanoparticles and macrophages, were examined on FEI Tecnai G2 Spirit TWIN electron microscope (Hillsboro, OR, USA) operating at 80 kV. Images were acquired digitally with AMT imaging system (Woburn, MA, USA).[@CIT0029]

MFTC plasma stability {#S0002-S2007}
---------------------

To determine species differences in MFTC plasma stability, 100 µL mouse, rat, rabbit, dog, monkey or human plasma was incubated with 1 µM MFTC at 37°C. At different time points (0, 30 and 90 mins), 1 mL methanol was added to each sample and vortexed for 3 mins to stop the reaction. For the 0 timepoint, 100 µL ice-cold plasma was spiked with 100-x prodrug spiking solution in 20% DMSO/80% methanol and immediately 1 mL of ice-cold methanol was added. Heat-inactivated plasma was incubated at the same conditions and used as a negative control to differentiate chemical vs biological instability. Following the addition of methanol, samples were centrifuged at 15,000× g for 10 mins, 10 µL supernatant was mixed with 80% methanol containing IS, and then 10 µL was used for liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis.[@CIT0030] MFTC and FTC concentrations were determined in the supernatants by UPLC-tandem mass spectrometry (UPLC-MS/MS).[@CIT0030]

PK studies and biodistribution {#S0002-S2008}
------------------------------

Male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA, USA) maintained on normal diet were injected intramuscularly (IM; caudal thigh muscle) with FTC or NMFTC at doses of 45, 75 or 100 mg/kg FTC-equivalents in a volume of 200 µL/200 g rat with FTC or 170--262 µl/200 g rat with NMFTC. Blood was collected at 2 hrs, and days 1, 7 and 14; tissues, including liver, spleen, lymph nodes and brain, were collected at days 1, 7 and 14. FTC was quantified by LC-MS/MS using a modification of an established method.[@CIT0030] Briefly, 25 μL of plasma was mixed with 1 mL ice-cold methanol (Optima grade, Fisher Scientific, Waltham, MA, USA), and spiked with 10 μL of internal standard (IS; ^15^N~2~^13^C- lamivudine at 80 ng/mL, final concentration of 8 ng/mL). Samples were then vortexed for 3 mins and centrifuged at 17,000x g for 10 mins. Supernatants were dried, reconstituted in 100 µL 25% methanol and injected for LC/MS/MS analysis. Plasma standards were extracted at a final concentration of 0.05--500 ng/mL. For tissue sample preparation, approximately 20--100 mg of tissue was weighed and homogenized at 5--20x dilutions in 90% methanol. A quantity of 100 μL of the homogenate was mixed with 280 μL of methanol and 10 μL of IS. Samples were vortexed for 3 mins and centrifuged at 17,000x g for 10 mins. A quantity of 30 μL of supernatant was collected and mixed with 70 μL water (Optima grade, Fisher) before LC/MS/MS analysis. Tissue standards were extracted at a final concentration of 0.05--500 ng/mL. FTC was quantified using a Waters ACQUITY H-class UPLC coupled to a Waters Xevo TQ-S micro mass spectrometer (Waters Corp., Milford, MA, USA) with an ESI source in positive mode. An ACQUITY UPLC^®^ CSH C18 1.7 μm analytical column (2.1 mm×100 mm, Waters Corp.) with an ACQUITY CSH C18 Vanguard column (2.1 mm×5 mm, Waters Corp.) were used for analyte separation.[@CIT0030] The transitions of 247.98\<129.80 m/z and 233.23\<114.97 m/z were used for FTC and IS quantification. Compounds were eluted using a gradient of Mobile phase A and B as follows. The gradient was held at 90% A for 1.5 mins and then linearly decreased to 5% A over 2 mins. The percentage was held for another minute to wash and then ramped back for equilibration to 90% A for 2 mins. The flow rate was 0.25 mL/min. Mobile phase A consisted of 7.5 mM ammonium bicarbonate in water (Optima grade, Fisher), pH adjusted to 7.0 with glacial acetic acid (ACS grade, Sigma). Mobile phase B was 100% methanol (Optima grade, Fisher).[@CIT0030]

FTC-TP quantification {#S0002-S2009}
---------------------

On each sacrifice day during the PK study in rats (days 1, 7 and 14), cells from fresh blood, spleen and lymph nodes were isolated and stored in 70% methanol as previously described.[@CIT0030] After isolation, all cell counting was performed using an Invitrogen Countess Automated Cell Counter (Carlsbad, CA, USA). FTC-TP extraction was performed as described previously with some modifications.[@CIT0030] Briefly, Sep-Pak QMA cartridges were used to separate FTC-TP from its mono- and di-phosphate forms. The triphosphate fractions were eluted and dephosphorylated using type XA sweet potato acid phosphatase. The ^15^N~2~^13^C-3TC internal standard was added following the incubation (final concentration of 0.5 ng/mL). Dephosphorylated samples were then subjected to a second SPE extraction step using Waters OASIS HLB cartridges.[@CIT0030] The FTC fraction was eluted with 1.4 mL of methanol and evaporated under vacuum. Once dry, the residues were stored at −20°C then reconstituted with 100 µL 25% methanol before performing LC-MS/MS analyses as described above.

Statistics and data analyses {#S0002-S2010}
----------------------------

All data are presented as mean±standard deviation or standard error of the mean for in vitro and in vivo studies, respectively. In vitro studies were performed using a minimum of three biological replicates. All experiments were repeated three times. In vivo studies included a minimum of three animals per treatment group. For comparisons of two groups, Student's *t*-test (two-tailed) was used. For comparison between multiple groups, one-way ANOVA with Bonferroni correction were performed. For studies with multiple time points, two-way ANOVA and Bonferroni's post hoc tests for multiple comparisons were performed. Results with *P*\<0.05 were considered significant. All data were graphed and analyzed using GraphPad Prism 6.0 software (La Jolla, CA, USA).[@CIT0031],[@CIT0032]

Study approvals {#S0002-S2011}
---------------

All experimental protocols involving the use of laboratory animals were approved by the UNMC Institutional Animal Care and Use Committee ensuring the ethical care and use of laboratory animals in experimental research. All animal studies were performed in compliance with UNMC institutional policies and NIH guidelines for laboratory animal housing and care. Human blood cells were isolated by leukapheresis from HIV-1/2 and hepatitis seronegative donors and were deemed exempt from approval by the Institutional Review Board (IRB) of UNMC, as IRB of UNMC has determined that this experimental procedure does not constitute human subject research.

Results {#S0003}
=======

The principal focus of the current work rested on developing an "injectable" FTC prodrug formulation through changing the chemical and physical nature of the agent from a highly hydrophilic drug to nanocrystals of lipophilic and hydrophobic prodrug. The FTC prodrug and nanoformulation were thoroughly characterized including NMR, FTIR, XRD, aqueous solubility, plasma stability and morphology. The biological characterization of the FTC formulation included human macrophage uptake, retention, antiretroviral potency and cytotoxicity measurements. Antiretroviral activities were monitored and found to be sustained with readily detectable intracellular FTC triphosphate (FTC-TP, the active metabolite of FTC), levels for up to 15 days after a single treatment of cell culture. Following the administration of NMFTC at 45, 75 and 100 mg/kg FTC equivalent doses in rats, sustained levels of FTC-TP levels were evident in peripheral blood mononuclear cells (PBMCs) and lymphatic tissues, and sustained FTC levels were measured in plasma with targeting of lymphatic tissues, liver and brain for 14 days.

MFTC chemical analyses {#S0003-S2001}
----------------------

To overcome challenges associated with the short half-life of hydrophilic water-soluble FTC, we created poloxamer-encased hydrophobic drug nanosuspensions with enhanced cellular drug uptake and improved antiretroviral efficacy.[@CIT0033] To perform this task, a 16-carbon fatty acid palmitoyl chloride was conjugated to FTC to form a hydrophobic ester prodrug, MFTC, with a final yield of 90% ([Figure 1A](#F0001){ref-type="fig"}). The chemical modifications of FTC were confirmed by (^1^H) and carbon (^13^C) NMR spectra (Figure S1A and B, respectively), and FTIR spectroscopy. The ^1^H-NMR spectrum showed peaks corresponding to terminal methyl group (CH~3~R) and repeating methylene (RCH~2~R) protons of the fatty acid chain. ^1^H NMR (500 MHz, CDCl~3~): 7.94 (d, J=6.5 Hz 1H), 6.27--6.31 (m, 1H), 5.35 (q, J=4.3 Hz 1H), 4.43 (dd, J=12.5, 2.9 Hz, 1H), 3.56 (dd, J=12.4, 5.3 Hz, 1H), 3.18 (dd, J=12.4, 3.1 Hz, 1H), 2.40 (t, J=7.5 Hz 1H), 1.63--1.70 (m, 4H), 1.25 (br, 24H), 0.87 (t, J =6.9 Hz 1H). ^13^C NMR (125 MHz, CDCl~3~): δ 173.1, 157.9, 157.8, 153.5, 137.1, 135.2, 125.8, 125.6, 87.4, 84.6, 63.2, 38.9, 34.0, 31.9, 29.8, 29.7, 29.6, 29.4, 29.3, 29.2, 29.1, 24.8, 22.7, 14.1. MS-ES+ (m/z): calculated for C~24~H~40~FN~3~O~4~S, 485.25 (100%), 486.28 (26.0%), 487.27 (4.5%); and found, 486.21\[M+H^+^\]. The FTIR spectrum of MFTC ([Figure 1B](#F0001){ref-type="fig"}) showed the appearance of bands at 2920 and 2860 cm^−1^ that correspond to C-H stretches of the fatty acid chain. Additionally, both palmitoyl chloride and MFTC spectra exhibited absorption bands corresponding to the carbonyl group at 1805 and 1745 cm^−1^. XRD analysis revealed distinct diffraction patterns for FTC and MFTC suggesting different arrangement of atoms within the crystal lattice of each ([Figure 1C](#F0001){ref-type="fig"}). Esterification of FTC decreased the aqueous solubility of the parent drug by 1200 folds ([Figure 1D](#F0001){ref-type="fig"}). Measurement of HIV-1 RT activity in MDMs demonstrated that MFTC did not significantly change the EC~50~ of MFTC (0.033 µM) as compared to FTC (0.079 µM). These results indicated that the prodrug is efficiently hydrolyzed into the parent drug ([Figure 1E](#F0001){ref-type="fig"}).Figure 1Synthesis and characterization of MFTC. (**A**) A 16-carbon fatty acid modified MFTC was synthesized with a final yield of 90%. (**B**) FTIR spectrum of MFTC showing, highlighted in dashed circles, absorption peaks at 2920 and 2860 cm^−1^ that correspond to CH~2~-CH~2~ stretches of the fatty acid chain and at 1745 cm^−1^ that corresponds to the carbonyl functional group that is part of the formed ester bond. (**C**) XRD analysis of FTC and MFTC demonstrates the crystalline nature of both drugs. (**D**) Aqueous solubility of FTC and MFTC demonstrates decrease in solubility of MFTC (mean±SD, n=3; \*\*\**P*≤0.001). (**E**) EC~50~ (dashed line) was determined in vitro by HIV-1 RT activity assay (0.079 and 0.033 µM for FTC and MFTC, respectively) demonstrating the chemical modification did not significantly change the antiretroviral activity of FTC. Results were analyzed by nonlinear regression fit (mean±SD, n=3).**Abbreviations:** FTC, emtricitabine; MFTC, modified FTC prodrug; FTIR, Fourier transform infrared spectroscopy; XRD, X-ray diffraction; RT, reverse transcriptase; EC~50~, half maximum effective concentration.Figure S1(**A**) ^1^H and (**B**) ^13^C- NMR spectra of MFTC in CDCl~3~. Additional peaks corresponding to the protons and carbon atoms of the fatty acid chain confirmed derivatization of FTC.**Abbreviations:** ^1^H-NMR, proton nuclear magnetic resonance; ^13^C-NMR, carbon nuclear magnetic resonance; MFTC, modifies FTC prodrug.

NMFTC preparation and characterization {#S0003-S2002}
--------------------------------------

NMFTC was prepared by high-pressure homogenization using P407 as the stabilizing surfactant. The resultant nanoparticle size, PDI and zeta potential were 350±10 nm, 0.24±0.02 and −20±2 mV, respectively, with an encapsulation efficiency of 90%. These data were an average of three experiments each performed with three replicates. A fourth experiment was performed by a different scientist and the results were as follows: nanoparticle size of 279.2±98.09 nm, PDI of 0.226 and zeta potential of −22±6.323 mV. Long-term stability of NMFTC was monitored at 25°C and 4°C. Nanoparticle size, PDI and zeta potential remained reproducible amongst three independent experiments with three replicates each and ±10% variability for at least 10 weeks ([Figure 2A](#F0002){ref-type="fig"}, [B](#F0002){ref-type="fig"}). NMFTC particle morphology was predominantly rod-shaped as shown by TEM ([Figure 2C](#F0002){ref-type="fig"}). It needs to be noted that there were differences between the analytical values of size distribution between the TEM and DLS tests. This was linked to the fact that TEM measures the diameter of dehydrated and immobilized nanoparticles on solid support while DLS measures the diameter in a hydrated state.[@CIT0034] Therefore, nanoparticles have larger hydrodynamic volume due to the solvent effect when hydrated.Figure 2Nanoformulation characteristics. NMFTC was synthesized by high-pressure homogenization using P407 as excipient. NMFTC stability was assessed for up to 10 weeks at (**A**) 25°C, and (**B**) 4°C in terms of particle size, PDI, and zeta potential (mean±SD, n=3). (**C**) The size and morphology of NMFTC was assessed by TEM.**Abbreviations:** NMFTC, nanoparticle of modified FTC prodrug; PDI, polydispersity index; TEM, transmission electron microscopy.

NMFTC-macrophage interactions {#S0003-S2003}
-----------------------------

The rationale behind the use of macrophages in these assays is based on their role as drug depots and vehicles for drug delivery. Treatment with up to 100 µM NMFTC or FTC did not affect MDM viability, as determined by the MTT assay, after 4 days of exposure ([Figure 3A](#F0003){ref-type="fig"}). This concentration was thus selected for subsequent in vitro studies. Quantitation of intracellular MFTC levels showed that NMFTC was readily taken up by MDMs, reaching the highest concentration of 25 nmol/10^6^ cells after 4 hrs followed by a rapid prodrug decay over 24 hrs ([Figure 3B](#F0003){ref-type="fig"}). In contrast, exposure to FTC resulted in minimal detectable intracellular drug levels. Surprisingly, FTC was not detected in cells treated with NMFTC. These results led us to quantify intracellular levels of the active triphosphate metabolite, FTC-TP. Quantitation of FTC-TP demonstrated enhanced intracellular FTC-TP levels after exposure to NMFTC, reaching the highest concentration of 75 pmol/10^6^ cells after 8 hrs, compared to only 10 pmol/10^6^ cells for FTC exposure ([Figure 3C](#F0003){ref-type="fig"}). After 8 hrs of NMFTC treatment , intracellular FTC-TP levels were detected for up to 10 days (1.5 pmol/10^6^ cells). NMFTC treatment resulted in threefold higher FTC-TP levels at day 5 (3.2 pmol/10^6^ cells) compared to FTC treatments ([Figure 3D](#F0003){ref-type="fig"}). TEM showed MDM cytoplasm loaded with nanoparticles after 4 hrs exposure to NMFTC ([Figure 3E](#F0003){ref-type="fig"}).Figure 3NMFTC in vitro characteristics. (**A**) Cytotoxicity was assessed in MDMs by MTT assay after 4 days of treatment with FTC or MFTC or NMFTC over a range of concentrations (10--400 µM). Results were normalized to untreated control cells. (**B**) Drug uptake in MDMs was measured over 24 hrs showing higher NMFTC uptake compared to FTC reaching high peak after 4 hrs. Intracellular FTC-TP concentrations demonstrate higher (**C**) uptake of NMFTC over 8-hr period, and longer (**D**) retention after 8-hr exposure for up to 10 days as compared to FTC. (**E**) TEM showing an MDM loaded with NMFTC (white clusters) after 4-hr exposure. Results in (**A**), (**B**), (**C**) and (**D**) are shown as mean±SD, n=3; \**P*≤0.05, \*\**P*≤0.01, \*\*\**P*≤0.001.**Abbreviations:** MDM, monocyte-derived macrophage; FTC, emtricitabine; NMFTC, nanoparticle of modified FTC prodrug; TEM, transmission electron microscopy; CCK-8: cell counting kit-8.

Antiretroviral activities {#S0003-S2004}
-------------------------

MDMs incubated with 100 µM FTC or NMFTC for 8 hrs were challenged with HIV-1~ADA~. Prior exposure to NMFTC completely inhibited viral RT activity analyzed in the cell culture medium when cells were challenged sequentially up to day 10 ([Figure 4A](#F0004){ref-type="fig"}). This effect was reduced to 25% inhibition with NMFTC when cells were challenged 15 days after drug preloading and to 30% at 24 hrs with FTC. Results were confirmed in adherent cells stained for HIV-1 p24 antigen. No HIV-1 positive (brown) cells were observed in cells challenged with HIV-1~ADA~ 10 days after NMFTC loading; however, HIV-1 p24+ cells were observed after a 15-day challenge. In contrast, HIV-1 p24+ cells were observed by 12 hrs following native FTC treatments ([Figure 4B](#F0004){ref-type="fig"}).Figure 4NMFTC antiretroviral activity. (**A**) HIV-1 RT activity in FTC and NMFTC pre-exposed MDMs showing complete inhibition with NMFTC for up to 10 days as compared with FTC that did not have effect beyond day 1 (mean±SD, n=9; \*\*\**P*≤0.001). (**B**) HIV-1 p24 antigen staining showing results similar to RT assay demonstrated by the absence of p24 staining (brown color) for up to 10 days after NMFTC pre-exposure whereas FTC had no effect by day 1.**Abbreviations:** RT, reverse transcriptase; FTC, emtricitabine; NMFTC, nanoparticle of modified FTC prodrug; MDM, monocyte-derived macrophage.

MFTC plasma stability {#S0003-S2005}
---------------------

To assess the metabolic stability of MFTC in plasma, we incubated MFTC for 90 mins in plasma from six species (mouse, rat, rabbit, monkey, dog and human). MFTC rapidly declined in mouse and rat plasma, and within 30 mins no detectable prodrug was observed. MFTC disappearance was slower in the plasma of other species with % decline compared to 0 min at 92% in rabbit, 33% in monkey, 20% in human and 11% in dog after 90 mins of incubation ([Figure 5A](#F0005){ref-type="fig"}). Prodrug decay was accounted for with formation of the parent drug (FTC) as a result of ester bond hydrolysis ([Figure 5B](#F0005){ref-type="fig"}). The differences in conversion rates were based on known higher metabolic rates and species difference of esterase expression in plasma. We also have shown in our cell-based experiments that NMFTC was persistent within the cells due to lowered but sustained hydrolysis by cellular carboxylesterase activities.Figure 5MFTC enzymatic cleavage kinetics in plasmas of six different species demonstrate species difference in (**A**) prodrug hydrolysis; rate of hydrolysis: mouse, rat\>rabbit\>monkey\>dog and human. (**B**) The hydrolyzed prodrug reverted back to the parent drug as indicated by increased formation of FTC.**Abbreviations:** FTC, emtricitabine; MFTC, modified FTC prodrug.

PK assessments {#S0003-S2006}
--------------

Sprague-Dawley rats were injected IM with either FTC or NMFTC at 45, 75 or 100 mg/kg FTC-equivalent doses to determine the effect of dose escalation on the PK profile. At 2 hrs, FTC plasma levels ([Figure 6A](#F0006){ref-type="fig"}) were several fold higher following FTC treatment compared to NMFTC treatment; however, by day 1 FTC concentrations had dropped markedly in the FTC treated animals, regardless of dose. On day 1, NMFTC provided 20-fold higher FTC plasma levels at all three doses compared with parent FTC (25, 34 and 52 ng/mL with FTC; 552, 696 and 1150 ng/mL with NMFTC for 45, 75 and 100 mg/kg treatments, respectively), indicating a slow release of FTC from the nanoformulation versus immediate release of the parent FTC. At day 7, NMFTC showed 11-, 14- and 40-fold higher FTC levels with respect to the three doses as compared with parent FTC (0, 3, and 1.4 ng/mL with FTC; 11, 42 and 55 ng/mL with NMFTC). At day 14, plasma FTC concentrations were fivefold lower than the reported 50% inhibitory concentration (IC~50~; ie, 8 ng/mL) and eightfold lower than the IC~90~ (ie, 14 ng/mL) in all NMFTC treatment groups. Tissue FTC levels in liver, spleen, lymph nodes and brain are shown in [Figure 6B](#F0006){ref-type="fig"}--[E](#F0006){ref-type="fig"}, respectively. At day 1, NMFTC showed 11- to 28-fold higher FTC levels in all tissues compared to parent FTC. In the liver at day 7, NMFTC showed 5-, 2- and 127-fold higher FTC levels compared to parent FTC at the respective doses (2.6, 14 and 0.6 ng/g with FTC; 13, 27 and 76 ng/g with NMFTC). In the spleen at day 7, NMFTC showed 10-, 15- and 10-fold higher FTC levels compared to parent FTC at the respective doses (0, 1.6 and 6 ng/g with FTC; 10, 25 and 59 ng/g with NMFTC). In lymph nodes at day 7, NMFTC showed 2-, 6- and 13-fold higher FTC levels as compared with parent FTC at the respective doses (17, 6 and 8 ng/g with FTC; 25, 35 and 104 ng/g with NMFTC). In the brain at day 7, NMFTC showed 2-, 18- and 10-fold higher FTC levels as compared with parent FTC at the respective doses (1.3, 1, and 0.7 ng/g with FTC; 2.7, 18, and 7 ng/g with NMFTC). At day 14, tissue FTC levels were detectable only in lymph nodes from the highest NMFTC dosed treatment group (36.9 ng/g).Figure 6NMFTC pharmacokinetics. Sprague-Dawley rats were injected IM with 45, 75 or 100 mg/kg FTC or FTC-equivalent dose of NMFTC. NMFTC resulted in significantly higher FTC concentrations, as compared to FTC, in rat (**A**) plasma, (**B**) liver, (**C**) spleen, (**D**) LNs and (**E**) brain. Results are shown as mean±SEM, n=3--5; \**P*≤0.05, \*\**P*≤0.01, \*\*\**P*≤0.001.**Abbreviations:** FTC, emtricitabine; NMFTC, nanoparticle of modified FTC prodrug; LN, lymph node; SEM, standard error of the mean.

To determine whether the active triphosphate concentrations in lymphoid cells would be improved in vivo by treatment of rats with NMFTC compared to FTC, FTC-TP levels in PBMCs, splenocytes and lymph node cells were determined. Intracellular FTC-TP levels in PBMCs mirrored the FTC concentrations in plasma. At 2 hrs, PBMC FTC-TP levels were 2--3-fold higher with parent FTC treatment compared to NMFTC treatment ([Figure 7A](#F0007){ref-type="fig"}). However, on day 1, this was reversed and NMFTC treatment provided up to twofold higher FTC-TP levels compared to parent FTC (100, 133 and 163 fmol/10^6^ cells with FTC; 116, 267 and 407 fmol/10^6^ cells with NMFTC). At day 7, FTC-TP levels were eightfold higher with NMFTC compared to parent FTC (6, 7 and 8 fmol/10^6^ cells with FTC; 43, 60 and 64 fmol/10^6^ cells with NMFTC). Intracellular FTC-TP levels in spleen and lymph nodes are shown in [Figure 7B](#F0007){ref-type="fig"} and [C](#F0007){ref-type="fig"}, respectively. As compared to parent FTC, NMFTC treatment resulted in 2- to 4-fold higher FTC-TP levels in splenocytes and lymph node cells at days 1 and 7, respectively, with all doses. FTC-TP levels in spleen at day 1 were 6--13 fmol/10^6^ cells with FTC and 27--36 fmol/10^6^ cells with NMFTC. These levels decreased by day 7 to 2--3 fmol/10^6^ cells with FTC and 6--8 fmol/10^6^ cells with NMFTC, regardless of dose. FTC-TP levels in lymph node cells at day 1 were 4--7 fmol/10^6^ cells with FTC and 8--13 fmol/10^6^ cells with NMFTC. FTC-TP levels in lymph node cells dropped by day 7 to 1--2 fmol/10^6^ cells with FTC and 3--4 fmol/10[@CIT0006] cells with NMFTC regardless of dose. At day 14, detectable concentrations of FTC-TP in PBMCs, spleen and lymph node cells were observed following NMFTC treatment, with the highest concentration in lymph node cells of animals treated with the highest dose (up to 2 fmol/10[@CIT0006] cells). Thus, NMFTC provided slower release of the drug in plasma and significantly higher drug levels in plasma and tissues for at least 7 days compared to the parent drug. Increasing the dose resulted in higher drug levels in plasma and tissues, however, no dose-dependent differences in intracellular FTC-TP were observed.Figure 7Intracellular FTC-TP. Sprague-Dawley rats were injected IM with 45, 75 or 100 mg/kg FTC or FTC-equivalent dose of NMFTC. NMFTC resulted in significantly higher intracellular FTC-TP concentrations, as compared to FTC, in rat (**A**) PBMCs, (**B**) spleen and (**C**) LNs. Results are shown as mean±SEM, n=3--5; \**P*≤0.05, \*\**P*≤0.01, \*\*\**P*≤0.001.**Abbreviations:** FTC, emtricitabine; FTC-TP, FTC triphosphate; NMFTC, nanoparticle of modified FTC prodrug; PBMC, peripheral blood mononuclear cell; LN, lymph node; SEM, standard error of the mean.

Discussion {#S0004}
==========

While prior studies had attempted to generate a longer acting FTC prodrug, none were fully characterized or developed as a LA ARV strategy.[@CIT0035] In addition, critical measurement of FTC TP formation was lacking as well as in vivo and drug tissue biodistribution assays.[@CIT0035] In the current report, evaluation of drug potency in human MDMs demonstrated improved EC~50~ values for MFTC at 33 nM compared to 79 nM for FTC. Additionally, NMFTC showed enhanced lymphatic (spleen, lymph node and brain) tissue penetrance as compared to native FTC. The effective dose of MFTC required to show equipotent activity to FTC was reduced due to tissue targeting and sustained bioavailability of FTC that was cleaved from MFTC in plasma. This was compared to a rapid decline in FTC levels after native drug administrations. The preparation of poloxamer-coated nanocrystals can improve the surface area of the prepared structure and as such facilitate the interactions between the nanomaterial and cell and tissue targets. Additionally, crystallinity provides ease in formulation processing, scaleup, stability and solubility. Since MFTC is hydrophobic, its uniform dispersal was assisted by crystallization and subsequent homogenization, forming nanocrystals with physical properties that allow its dispersal in water and used as a nanosuspension for injection.

FTC is a potent cytidine analog that is transformed into its active triphosphate metabolite in cells where it competes with endogenous cytidine triphosphates for incorporation into the viral DNA chain during viral reverse transcription.[@CIT0032] It is a potential candidate for conversion into a LA ARV. However, a major obstacle in transforming FTC into an LA agent centers on its hydrophilicity. LA ART has taken several forms toward its development.[@CIT0036],[@CIT0037] One is controlled release microparticle carrier systems that rely on drug depot formation at the injection site.[@CIT0038] However, the created systems exhibit a tendency to aggregate due to lack of particle homogeneity leading to injection site reactions limiting their usage.[@CIT0039] Another is nanotechnology which comes into play by offering properties that facilitate creation of particles capable of crossing biological barriers and forming intracellular drug depots.[@CIT0040],[@CIT0041] These encased drug particles access into tissues where conventional formulations cannot readily penetrate.[@CIT0009] Yet another is enabling slow release which can be furthered by creation of prodrug nanocrystals.[@CIT0042] This is opposed to macroparticles that tend to form injection site depots where local adverse reactions are quite common.[@CIT0039]

In the current study, a prodrug nanoformulation of FTC was developed to extend its apparent half-life and improve distribution to viral reservoir cells and tissues. FTC is a pivotal component of initial HIV therapy as per recommendations of the International Antiviral Society-USA Panel.[@CIT0017] Furthermore, FTC and TDF in combination have been shown to be effective as pre-exposure prophylaxis prevention in high-risk populations.[@CIT0021] Therapeutic limitations of current FTC include a short plasma half-life, which requires once-daily administration, and restriction of drug penetrance to viral reservoirs. These limitations emphasize the need for a LA parenteral nanoformulated FTC. LA therapeutics utilizing hydrophobic prodrugs have been very successful in the clinic for management of psychotic disorders.[@CIT0043],[@CIT0044] Our group has used similar strategies to develop hydrophobic prodrug nanoformulations of the HIV integrase inhibitors CAB and dolutegravir that extended their antiretroviral efficacy for more than a month.[@CIT0011],[@CIT0025] Others reported improvements in antiretroviral activity and cellular uptake with other FTC prodrugs.[@CIT0035],[@CIT0045] However, in contrast to our current study, some prodrugs were less hydrophobic and not encased in nanoformulations.[@CIT0046] Herein, modification of FTC was made by conjugating a 16-carbon fatty acid chain, palmitoyl chloride, markedly increased the drug's hydrophobicity bringing the aqueous solubility from 134 to 0.12 mg/mL. This chemical modification allowed for synthesis of stable nanocrystals with high encapsulation efficiency.[@CIT0047] Furthermore, our method formed homogenous rod-shaped nanoparticles. Such nanoparticles have been shown to be readily taken up by macrophages as opposed to globular-shaped or spherical particles.[@CIT0048]--[@CIT0050] Our prodrugs are designed to be both lipophilic and hydrophobic and as such requires a delivery strategy for sufficient dispersal in aqueous media or equivalent biological fluids. Thus, nanoformulating prodrug crystals allow their use in isotonic solutions while avoiding aggregation. This occurs at or following injection precluding emboli formation.

Macrophages are a major HIV reservoir. Thus targeting macrophages for effective treatment of HIV infection has received considerable attention.[@CIT0051]--[@CIT0054] Moreover, macrophages are responsible for sustaining viral load and for spreading virus to other tissues.[@CIT0014],[@CIT0055] NMFTC macrophage uptake was sustained for up to 15 days. This supports the idea that macrophages could be harnessed as a vehicle for drug delivery to tissues where current ARVs have limited access.[@CIT0056] Interestingly, NMFTC resulted in inhibition of viral replication after viral challenge 10 days after drug loading. These observations were extended to in vivo studies where we observed several fold higher FTC and FTC-TP for at least 7 days in plasma, tissues and lymphoid cells after a single NMFTC injection compared to treatment with FTC. Importantly, the rate of hydrolysis of the prodrug and release of parent FTC was much slower in human plasma compared to rat plasma. These results suggest that this prodrug nanoformulation could prolong drug residence time and efficacy in humans due to differences in plasma esterase activities among species.[@CIT0057]

Overall, and since their introduction in 1996, combination ART has changed the HIV clinical care landscape. The ARV regimens have effectively decreased HIV viral load and substantially reduced disease morbidity and mortality.[@CIT0058] However, due to the unique viral characteristics and disease course of HIV, its management requires strict regimen adherence.[@CIT0059] Moreover, since rapid viral replication can result in the emergence of mutations and drug resistance,[@CIT0060] new classes of drugs and alternative drug formulation delivery platforms are needed that allow infrequent dosing. To these ends, we created an LA FTC nanoformulation and demonstrated its abilities to inhibit HIV replication over extended time periods. We also note that the volume used in each of the studies can reflect values for human equivalent doses. All together, higher drug levels and distribution in tissue viral reservoirs for longer periods indicate that LA ARVs hold great promise towards prevention and treatment of HIV infections.[@CIT0061] Creation of hydrophobic prodrugs and their incorporation into nanoparticles provide one effective pathway towards improving current ART regimens.

Conclusion {#S0005}
==========

We now demonstrate that a palmitoylated ester prodrug of FTC can extend in vivo drug concentrations to provide improved antiretroviral activity. The increased drug hydrophobicity facilitated the formation of a P407-stabilized lipophilic nanoformulation with high drug loading efficiency. This enhanced drug uptake and antiretroviral activity in MDMs. Retention of intracellular FTC-TP provided extended antiretroviral activity of NMFTC in MDMs. Interestingly, following a single IM injection, FTC concentrations were maintained in blood, reticuloendothelial tissues, and brain for at least 7 days at significantly higher levels with NMFTC as compared with the parent drug. These results paralleled intracellular FTC-TP levels in PBMCs and in cells isolated from spleen and lymph nodes.
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